Our research attempts 1) to link the distribution and abundance of eastern tur (Capra cylindricornis) to environmental variables varying in space and time, and 2) to identify environmental constraints that may have caused the geographic segregation of eastern tur from western tur (Capra caucasica). Our results suggest that 1) eastern tur are heat-sensitive but prefer snow-free, grass-dominated areas near escape cliffs, and in terrain that is difficult for humans and livestock to reach; and 2) present-day genetic and phenotypic differences between the Capra species are largely related to discontinuity of and impeded migration between Capra populations during glacial periods, and insufficient time in the postglacial period for now-adjoining Capra populations to overcome behavioral mechanisms impeding hybridization in the wild so as to erase these differences.
The current distribution of the Near Threatened eastern tur (Capra cylindricornis) includes extremely rugged areas in the Greater Caucasus east of Mt. Shkhara (Weinberg et al. 2010) . Rugged areas west of Mt. Shkhara in the Greater Caucasus are occupied by the Endangered western tur (Capra caucasica), while the Vulnerable wild goat (Capra aegagrus) occurs in a smaller range within the extent of the eastern tur. However, the major distribution of wild goats is away from the Greater Caucasus (IUCN 2016) . Eastern and western turs, despite their geographic segregation, occur in the same habitat, which generally consists of grasslands near escape cliffs, whereas wild goats in the Greater Caucasus prefer drier and forested areas near escape cliffs (Gavashelishvili 2009; Weinberg et al. 2010) . It is assumed that, barring human persecution, turs are the reason for the absence of wild goats in much of the Greater Caucasus, due to antagonism and competition over resources (Gavashelishvili 2009 ). Despite the spatial segregation and obvious morphological differences, these 3 closely related species readily hybridize in captivity, producing healthy, fertile offspring (e.g., Weinberg 2002) . Their hybridization in the wild is not well documented, and studies of gene flow have not been conducted yet. Western and eastern turs are thought to hybridize in contact zones based on morphometry (Weinberg et al. 2010) .
Previous studies to infer the ecological niche and spatial distribution of turs were based on either a representative sample but limited geography with no seasonality considered (Gavashelishvili 2004) , or the entire Caucasus but an insufficiently representative sample with seasonality poorly considered (Gavashelishvili 2009 ), and were not explicit about the geographic segregation of the 2 taxa (Weinberg et al. 2010) . Finally, publications to date have not provided spatial and temporal models of the abundance of eastern and western turs across their entire distributional ranges in relation to environmental variables.
Here, we explore the distribution and abundance of the entire population of eastern turs as a function of environmental variables varying in space and time. The variables include data on terrain, climate, land cover, food availability, escape terrain, human disturbance, and protection status. We also attempt to identify reasons behind geographic differentiation that apparently impedes the full assimilation of populations of eastern 886 JOURNAL OF MAMMALOGY and western turs. The outcomes of this study contribute to understanding the species' ecological niche, can be used to infer the species' occurrence and abundance, and can facilitate planning conservation corridors at broader spatial and temporal scales. Our results also provide insights into the speciation of all Capra species.
Materials and Methods
We explored the distribution and abundance of eastern turs as a function of various environmental variables (Table 1 ). The selection of variables was based on documented species-habitat associations (Magomedov et al. 2001; Weinberg 2002; Gavashelishvili 2004; Gavashelishvili 2009 ) and our field experience, and with regard to their availability.
Abundance was measured from photos of groups of undisturbed grazing turs, which we had taken from 1999 to 2017 in the Caucasus Mountain regions of northern Azerbaijan, Republic of Daghestan of the Russian Federation, and northeastern Georgia (Fig. 1) . The photos were taken during surveys on foot and from helicopters during aerial wildlife surveys in Georgia. We used those photos that had sufficient resolution for us to distinguish between individuals and classify them into sexually adult males (> 3 years of age), adult females (> 2 years of age), and the rest. The photos were imported into ArcGIS Desktop 9.3 software package (ESRI Inc., Redlands, California) and geo-referenced by matching distinct geographic features in the photos with those in high-resolution QuickBird (DIGITALGLOBE, Inc., Westminster, Colorado) and Google Earth (Google Inc. Googleplex, Mountain View, California) images. In each georeferenced photo, we first identified the centroid of a group of turs, and then counted and classified individuals within 50 m of the centroid (hereafter, a herd). We used this distance to avoid missing the importance of environmental variables at the finest resolution of ~100 × 100 m (Table 1) in our analysis. We used locations (i.e., herd centroids) that were > 1,415 m from neighboring locations because the coarsest cell size in our analysis was 1,000 m (Table 1) and to avoid the repeated sampling of predictor variables in a grid of 1,000 × 1,000 m cells, the minimal distance will be SQRT(2 × 1,000
2 ) = 1,414.2 m. This spacing would reduce the effects of spatial autocorrelation as well. Thus, we obtained 79 locations with counts of turs. To measure the species distribution, we used sampled presence and absence locations. For presences, the 79 photographed locations were used, while absences (110 in total) were taken from other studies (Gavashelishvili 2004; Gavashelishvili 2009; Fig. 1) . These count and presence-absence values were then used to develop models of the distribution and abundance of turs. We developed 2 abundance models: one for adult males and the other one for adult females. We excluded immature individuals from abundance modeling because they were always aggregated with adult females in almost equal numbers. Slope-weighted cost distance from human roads and settlements, averaged in a neighborhood radius of 1, 2, 5, 10, 15, and 20 km, respectively.
The environmental variables included data on terrain, climate, land cover, food availability, escape terrain, human disturbance, and protection status (Table 1) . We used the normalized difference vegetation index (NDVI) as a proxy for net primary production (NPP), and hence food availability for the turs. Slope-weighted cost distance from human roads and settlements was used as a proxy for human disturbance because it provides a realistic measure of human mobility and impact on the environment, especially on large animals (Gavashelishvili and Lukarevskiy 2008; Gavashelishvili 2009; Tarkhnishvili et al. 2017) . Cost distances were calculated using an algorithm implemented in ArcGIS Desktop v.9.3, considering seasonality in settlement occupancy and road use. This algorithm considers a friction grid that is a raster map where each cell indicates the relative difficulty (or cost) of moving through that cell. The cost distance is the sum of frictions of all cells along the path that has the smallest sum (i.e., least-cost path). We also considered Euclidean distance from the nearest visible parts of human roads and settlements because it is related to the probability of illegal shooting of turs directly from these objects. Latitude and longitude in UTM coordinates as well as day of the year also were included as explanatory variables to account for other "hidden" predictors varying with geography or seasonality. At every presence-absence location, we measured values of the environmental variables at the time that turs were photographed or the species absence was documented by other studies. Supplementary Data SD1 is the data frame that contains all variables used in this study.
Generalized additive models (GAMs) were used to fit the distribution and abundance of turs to environmental variables using the mgcv package (Wood 2011 ) in R version 3.3.2. (R Core Team 2016 . The effects of spatial and temporal autocorrelation between consecutive locations on dependent variables also were estimated using GAMs. We used GAMs because they are able to find nonlinear and non-monotonic relationships. GAMs were fitted using a Gamma family with a log link function and a Gaussian family with an identity link function for abundance, and a binomial family with a logit link function for binary presence-absence data (i.e., distribution data). Penalized thin plate regression splines were used to represent all the smooth terms. The restricted maximum likelihood (REML) estimation method was implemented to estimate the smoothing parameter because it is the most robust of the available GAM methods (Wood 2011) . Model and variable selection were performed following Wood (2011) : all possible subsets of environmental variables were explored to choose the most parsimonious model according to the Akaike information criterion (AIC) with the minimal concurvity between model terms and between each term and the rest of the model. Probabilities of tur presence from each of the binomial GAMs were dichotomized into presence and absence at the cutoff value that balanced sensitivity and specificity. Additionally, we developed manual distribution models by selecting different combinations of variables, finding the values of the variables that were the limits of presence locations, and then modifying the limits such that when applied to absence locations, the number of false positives was 0. We avoided misclassifying absences as presences because absence locations that we used had repeatedly tested negative for the signs of tur presence over the last 20 years. The most parsimonious classification model (i.e., the one with fewest predictors providing zero false-positive error) of tur distribution was considered to be the best.
To make final gridded maps of the modeled distribution and abundance of turs, covering the currently accepted range of the taxon over the time period of our study (i.e., 1999 to 2017), we created predictor layers where cells were assigned average values for scale predictor variables and majority values for categorical predictor variables over this time period. All gridded layers were resampled to a resolution of 100 m using the nearest neighbor assignment resampling technique. We used the raster package (Hijmans 2016) in R version 3.3.2 and the ArcGIS 9.3 module Spatial Analyst to create these layers and project the distribution and abundance models onto them. To validate our models, the predictive power of the models was evaluated through a 10-fold cross-validation, using R version 3.3.2. Additionally, the maps derived from the GAM models and the additional distribution models were made available to 10 experienced tur hunters from different parts of the species range, who were asked to select the ones that best explained the distribution and abundance. Supplementary Data SD2 contains the main R codes and ArcGIS scripts used in this study.
To identify environmental constraints that may have caused the geographic segregation of eastern turs from western turs, and hence limited gene flow between these taxa, we analyzed the distribution of escape terrain (i.e., glacier-free escape cliffs, see Table 1 for details) and various landscape types in relation to the current known distribution of these taxa as defined by IUCN (IUCN 2016) . In this procedure, we assumed that the taxa emerged in the same but spatially separated habitats. We analyzed not only the current distribution of biomes but also that of the Pleistocene glacial maxima because the current distribution of many taxa cannot be explained without factoring in distance from their refugia during a series of the Pleistocene glacial maxima (Tarkhnishvili et al. 2012) . We used the last glacial maximum (LGM) as a proxy for other glacial maxima. Spatial data on current biomes and on the LGM biomes were extracted from LAND_COVER (see Table 1 ) and our LGM biome model (Gavashelishvili and Tarkhnishvili 2016) , respectively. Data on the LGM glaciers, compiled from Ehlers et al. (2011) , were obtained from Becker et al. (2015) . To meet our assumption of habitat segregation, suitable habitat was determined by the combination of terrain safe from predation (taken from the distribution models) and biomes that provided that the current distribution of each species had the nearest set of suitable habitat fragments such that the maximum nearest neighbor distance within each set was less than the shortest distance between the sets. The essential constituents of suitable habitat were those landscape types that resulted in the greatest difference between the within-set and between-set distances.
results
Seventy-nine locations with tur counts included 48 locations with all 3 sex-age groups, 18 locations with adult females and immatures, and 13 locations with adult males only. Thus, we recorded 13 herds of adult males fully segregated from the other sex-age groups, whereas adult females and immature individuals were never segregated from each other. Herd size (i.e., abundance of all turs, sexes and ages pooled) and the abundance of adult males or females were not significantly different between areas where tur protection was enforced and areas where tur protection was not enforced (Table 2) . Based on locations where tur protection was enforced, correlation of tur abundance with environmental variables was not significant, except for a negative relationship between abundance of adult females and NDVI. In areas where tur protection was not enforced, significant positive correlations occurred between abundances of both males and females and various cost-distance variables related to human disturbance, indicating greater abundances farther from potential sources of disturbance (Table 3) . Canopy cover, NDVI, elevation, nighttime temperature, and distances from human disturbance differed significantly between locations where turs were absent and present (Table 4) .
The effects of spatial and temporal autocorrelation between consecutive sampled locations on dependent variables were not significant (Supplementary Data SD3) . The most parsimonious abundance models for adult males and females and the most parsimonious manual distribution model also were ranked best through the expert opinion of tur hunters (Table 5) . These parsimonious models had the best predictive power based on a 10-fold cross-validation. In areas where tur protection was enforced, the abundance models with nighttime land surface temperature alone had the most support. In these areas, the abundance of both adult males and females had a bell-shaped response to the temperature, peaking at about the same temperature (−3.2°C for adult males and −4.1°C for adult females), with males showing a greater amplitude but a narrower temperature niche breadth ( Fig. 2; Supplementary Data SD4) . Decline in the abundance of both sexes was steeper on the hotter side of the optimum. In areas where tur protection was not enforced, the combination of the nighttime land surface temperature and the slope-weighted cost distance from human roads and settlements (i.e., a proxy for human disturbance) best explained the variation in abundance for both adult males and females ( Figs. 3 and 4 ; Supplementary Data SD4). However, cost distance in models for adult males and females explained at least 3 times as much variation as nighttime land surface temperature did, and the contribution of nighttime temperature was not statistically significant when fitted alone. Logarithmic response to the cost distance was linearly positive and ~2 times stronger in males than females. Our 2 manually obtained distribution models, which provided the same classification accuracy (overall accuracy = 0.9947), outperformed the binomial GAMs based on the expert opinion of tur hunters (Fig. 5) . The 2 manual models only differed in the way of dealing with negative effects of snow cover on tur distribution: one model used NDVI, whereas the other employed terrain data and cloud cover. However, the distribution maps derived from the latter model looked a little more realistic, probably due to the higher spatial resolution of terrain data than that of NDVI as well as some noise in NDVI data. At the time of snow cover, all presence locations were on southern slopes (Fig. 6) . Northern slopes were avoided even in summer with no snow cover, based on our sample. Eastern turs occurred in grassland or sparsely forested areas near escape cliffs below 3,196 m a.s.l. at certain minimum Euclidean and slopeweighted cost distances from humans. All presence locations were within 1,570 m of escape cliffs (hereafter, safe terrain) with 90% of the observations falling within 960 m of the cliffs. Spatial and temporal maps were generated by combining the distribution and abundance models (Figs. 7 and 8 ). Our models suggested that the area suitable for eastern turs was smallest in mid-winter and largest in mid-fall (Table 6 ). The portion of the modeled distribution that fell within protected areas varied between 19.47% (in spring) and 25.29% (in summer). Table 5 .-Summary of the generalized additive model (GAM) analysis for modeling the abundance of eastern turs (Capra cylindricornis). n = sample size; s() = spline smooth function; e.d.f. = estimated degrees of freedom; P = significance of terms. See Table 1 None of the combinations of biomes at the present time provided habitat discontinuity good enough to explain the spatial segregation of eastern and western turs. Habitat discontinuity at the LGM provided the most reasonable explanation for this problem. More specifically, the current topology of the distribution of the species in the Caucasus was almost congruent with that of safe terrain in grassland, dry shrubland, savanna, and dry woodland, separated by glaciers, tundra, desert, or relatively flat areas during the LGM (Fig. 9) . This explanation appeared to be true for the distribution of other Capra taxa as well (Supplementary Data SD5) .
discussion
According to our study, the abundance of eastern turs did not differ statistically between areas where tur protection was enforced and areas where tur protection was not enforced. This could be explained by either no difference in carrying capacity per unit area between protected and unprotected areas, or the sense of safety making turs less vigilant in protected areas, and hence less aggregated despite possibly higher carrying capacities. We have often observed that when disturbed, scattered herds of turs aggregate in larger herds. Many studies of animals report a positive correlation between group size and predation or hunting (Elgar 1989) . Or the enforcement of tur protection is insufficiently effective to increase carrying capacity in the study area.
As expected given the heavy hunting pressure on turs in the Caucasus and competition from livestock for pastures, the species abundance mainly increased with the slope-weighted cost distance from human roads and settlements in areas where tur protection was not enforced. However, adult males and females responded to this differently. In terrain that was more difficult for humans to access, the abundance of adult males increased more sharply than that of adult females probably because 1) the mortality rate of adult males was higher from selective hunting, 2) adult males may have developed more vigilance and sensitivity to humans due to the fact that they have been historically more targeted by hunters, or 3) it may be harder and energetically more costly for considerably larger and heavier adult males to escape from hunters. In areas, where tur protection was enforced, the species abundance responded only to nighttime land surface temperature in a bell-shaped manner, peaking at about the same temperature for both adult males and females, but slightly differing in shape and amplitude. If true, this slightly different response to temperature is probably related to sexual body-size dimorphism. The temperature optimum may be determined by physiological needs and avoidance of biting insects. Away from the temperature optimum, both sexes preferred the colder side of the optimum. This suggests that the eastern tur is a heat-sensitive species like its counterpart in Europe, the Alpine ibex (Capra ibex- Aublet et al. 2009 ). The abundance of undisturbed turs observed in our study was explained by temperature and not by food quality and availability (e.g., NDVI), which is not surprising based on other studies of mountain ungulates (González 1985; Aublet et al. 2009 ). To explain why the abundance data varied with the nighttime land surface temperature rather than the daytime temperature, we think that 1) the nighttime temperature better accounts for the duration of daily activity of biting insects and other parasites, Table 1 for descriptions of variables). or 2) actual temperatures at which turs were located were closer in magnitude to nighttime temperatures because we recorded locations near dawn or dusk.
Our manually obtained distribution models outperformed the binomial GAMs because the GAMs ignored the importance of several data points. This caused the geographic projection of the GAMs to misclassify quite a number of human settlements and motorways as areas of tur presence. Removal of these points and refitting GAMs provided even worse results. The binomial GAMs also were not able to clearly distinguish the influence of snow cover and cloudiness on habitat use. The upper limit of the species distribution (i.e., 3,196 m a.s.l.) suggested by our distribution model belongs to the subnival zone and is near the elevation above which plant cover is less than 20% per 25 m 2 (Nakhutsrisvili et al. 2017 ). Insufficiency of plant cover above 3,200 m to support eastern turs is supported by our Table 6 .-The area of habitat suitable for eastern turs (Capra cylindricornis) in its distributional range based on distribution model 2 (see Fig. 5 for the content of the model). observation that the upper limit of the distribution of transhumant sheep was at 3,198 m. Herds of eastern turs may move to higher grounds, however, either to wait out daytime summer heat, make seasonal movements, or to escape from predation or hunting. Our elevational limit rather defines that of the species foraging areas because we used grazing herds for our analysis. Our distribution model suggested the species avoids dense forest cover, which is in agreement with other models (Gavashelishvili 2004; Gavashelishvili 2009 ) and once again confirms that dense forests provide less food than grasslands. Two cost-distance variables (H_CD_1 and H_CD_10) included in the model are, respectively, inverse indicators of possible human pressure on an area within 1 km of a certain location and on an area within 10 km of the location, with the latter also being an inverse measure of possible habitat fragmentation caused by humans. The most parsimonious binomial GAM also included these cost-distance variables. People tend to fire a rifle at turs from roads and settlements even at distances of 500-600 m, so our threshold Euclidean distance from these areas seems to be a reasonable solution for turs to stay safe. Turs are known to prefer areas where there is no snow cover or snow cover is thin and melts quickly (Weinberg 2002; Gavashelishvili 2004; Gavashelishvili 2009 ). These areas in our model are defined by the NDVI threshold or southern aspects with overcast for less than 8 days (MODIS data "MOD10A2" defines overcast as whether it is cloudy for 8-day intervals; see Table 1 ). However, even in summer with no snow cover we observed more herds on southern slopes than on northern ones, probably because turs prefer drier areas that are more likely to be found on southfacing slopes. The overwhelming majority of our observations were in close proximity to escape cliffs, whose criterion was determined from our previous observations. We have witnessed the antipredatory function of this proximity quite a number of times when turs, having ventured far from escape cliffs, were unable to escape from wolves. The area of habitat suitable for eastern tur in its range, based on the projection of our distribution model onto different temporal layers, was largest in October because at that time of the year transhumant livestock were moved to distant winter pastures and snow cover had yet to be established. Our distribution model for eastern turs was an improvement on previous models (Gavashelishvili 2004; Gavashelishvili 2009 ) that were based on data sets insufficiently representing the species-environment interactions across its entire distributional range. Unlike the previous models, our distribution model, as well as our abundance model, was based on predictor variables that are updated and available for free on the Internet. Thanks to the availability of updated data on predictors our models provide more practical tools for monitoring the species distribution and habitat suitability, especially in light of climate change. GAMs failed to explain much of the variation in abundance because the behavior of turs, like many other animals, is not simply a function of current environmental conditions. Their behavior can be greatly modified by the experience of previous conditions and the expectations of future ones. The geographic projections of the models were optimistic to some extent: they misclassified some areas as positive for tur presence or overestimated abundance. The disagreement between the observations and predictions can be explained by errors in GAMs, but to a greater extent by our failure to obtain better data on human roads and settlements in conflict zones and transhumant areas. We also think that the incorporation of human-used seasonal trails into cost-distance calculations would greatly increase the predictive power of our models. Other reasons for false positives were that 1) distances between areas that were only seasonally suitable were too great for the species to move seasonally, as seasonal migration distances rarely exceed 5 km (Zalikhanov 1967; Abdurakhmanov 1977; Veinberg 1984) ; and 2) suitable areas were in the Karabakh Mountains that are too far from the Greater Caucasus, and occupied by wild goats. However, these are the best models we could construct with the available data.
In agreement with previous studies (Gavashelishvili 2009; Weinberg et al. 2010) , the projection of our distribution and abundance models to the Caucasus suggested that at present eastern and western turs, despite their geographic segregation, occur in the same habitat and there is no geographic barrier between them that these taxa cannot overcome. Concordance of the current distribution of eastern and western turs with the discontinuity of rugged terrain in grassland and sparsely forested areas during glacial periods rather than at present, appears to be true for the global distribution of all Capra species as well (Supplementary Data SD5) . This suggests the following scenario of events: 1) Areas safe from predation in grassland and sparsely wooded areas act as refugia for Capra species (as suggested by our current distribution model), and during glacial periods, these refugia were more fragmented and scattered far apart. 2) Large distances, geographic barriers, and predation (including humans) between these fragments impeded gene flow, which resulted in accumulation of genetic and phenotypic differences and, consequently, behavioral mechanisms impeding hybridization between the refugia. 3) In the postglacial period, the refugia expanded, and so did Capra populations; in some places, the refugia merged (e.g., the Greater Caucasus), probably leading to the assimilation or displacement of some taxa, but other taxa such as the western tur, eastern tur, and wild goat in the Caucasus, have not yet overcome behavioral mechanisms impeding hybridization in the wild so as to erase genetic and phenotypic differences. Weinberg et al. (2010) suggest that heavy glaciations during the Pleistocene between Mt. Elbrus and Mt. Kazbek (i.e., the Central Caucasus) acted as a geographic barrier separating tur populations into eastern and western turs. Our approach rather focuses on glacial refugia where source populations of turs could have survived, and it seems to be applicable to other Capra species ( Fig. 9 ; Supplementary Data SD5). Glaciers alone could not have stopped migration between these 2 taxa in the Caucasus because even at the time of their greatest extent (i.e., at the LGM) there were quite a number of gaps between them and turs also could have moved around the widest part of the glaciations. Our approach clearly identifies 2 major clusters of refugial areas in the Greater Caucasus-a mountain region well defined by the current distribution of eastern and western turs. The current presence of wild goats in the Greater Caucasus east of Mt. Kazbegi is probably the remnant of interglacial or postglacial migrations from the Lesser Caucasus or the Middle East. If grassland and sparsely wooded areas truly contained glacial refugia for Capra species, then in the Caucasus during the LGM the upper limit of these areas was approximately 2,200 m a.s.l., which is at least 1,000 m lower than the upper limit of the current pastures of eastern and western turs.
Our distribution and abundance models could be instrumental in reconstructing the history of the Capra group. The analysis of the relationship between genetic differentiation among the Capra populations and landscape permeability to movements as determined by our distribution and abundance (i.e., habitat suitability) models is a way to do so.
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